Brain tumors classified as glioblastomas have proven refractory to treatment and generally result in death within a year of diagnosis. We used seven in vitro tests and one in vivo trial to compare the efficacy of nine different viruses for targeting human glioblastoma. Green fluorescent protein (GFP)-expressing vesicular stomatitis (VSV), Sindbis virus, pseudorabies virus (PRV), adeno-associated virus (AAV), and minute virus of mice i-strain (MVMi) and MVMp all infected glioblastoma cells. Mouse and human cytomegalovirus, and simian virus 40 showed only low levels of infection or GFP expression. VSV and Sindbis virus showed strong cytolytic actions and high rates of replication and spread, leading to an elimination of glioblastoma. PRV and both MVM strains generated more modest lytic effects and replication capacity. VSV showed a similar oncolytic profile on U-87 MG and M059J glioblastoma. In contrast, Sindbis virus showed strong preference for U-87 MG, whereas MVMi and MVMp preferred M059J. Sindbis virus and both MVM strains showed highly tumor-selective actions in glioblastoma plus fibroblast coculture. VSV and Sindbis virus were serially passaged on glioblastoma cells; we isolated a variant, VSV-rp30, that had increased selectivity and lytic capacity in glioblastoma cells. VSV and Sindbis virus were very effective at replicating, spreading within, and selectively killing human glioblastoma in an in vivo mouse model, whereas PRV and AAV remained at the injection site with minimal spread. Together, these data suggest that four (VSV, Sindbis virus, MVMi, and MVMp) of the nine viruses studied merit further analysis for potential therapeutic actions on glioblastoma.
Malignant glioblastomas are the most common primary brain tumors and have withstood all attempts for curative treatment. Each year, about 17,000 new malignant brain tumor cases are diagnosed in the United States and more than 13,000 deaths are attributed to these neoplasms (2, 30) . With current treatment protocols, the median survival in humans is less than a year after diagnosis, with very few long-term survivors (64) .
A variety of viral vectors, including retroviruses, herpesviruses, and adenoviruses, have been tested for oncolytic potential against glioblastoma (11, 18, 45, 46, 61) . We are, however, not aware of any study that directly compares the antitumor profiles of unrelated viruses. Here, we approach this question by evaluating parameters indicative for the outcome of viral infection. Nine DNA and RNA viruses were compared for their tropism for glioblastoma cells, their effect on tumor cell proliferation, and the induction of cell death. We further explored whether glioblastoma cells are permissive for virus replication and whether newly released viral progeny generate a self-amplification of the oncolytic effect. To accommodate the heterogeneity of glioblastoma, multiple glioma cell lines with distinct geno-and phenotypes were compared. In addition, we evaluated whether viral infection and replication is selective for glioblastoma compared to non-glioblastoma control cells. Finally, we examined whether the in vitro viral replication results correlate with intratumoral spread in an in vivo solid tumor model.
The selection of candidate viruses for the present study was based on several criteria. No virus with a biohazard rating greater than BL-2 was used. All viruses used could potentially be modified genetically with procedures at hand to add to or alter the viral genome. To this end, we used recombinant viruses that expressed green fluorescent protein (GFP) for two reasons: to track infections in live tumor cells and to use viruses in which a gene has already been added and in which the reporter gene could be replaced with toxic genes, potentially controlled by regulatable promoters. We focused predominantly on replication-competent viruses that could potentially infect a tumor cell and produce progeny leading to further infection and the death of neighboring tumor cells. The experiments here are designed to determine which viruses may have an inherent affinity for human glioblastoma cells. Later experiments could then use the top candidates for additional genetic or laboratory manipulation. Vesicular stomatitis virus (VSV) is an enveloped, negativestranded RNA rhabdovirus with a single nonsegmented genome of 11.2 kb that contains only five protein-encoding genes (N, P, M, G, and L). VSV generates an infection in a wide variety of species, including cattle, horse, and swine. Infection in humans is rare and usually asymptomatic with sporadic cases of mild flu-like symptoms (47) . Recent studies have shown that VSV can exert an oncolytic profile by taking advantage of defects in the interferon system, a common feature in malignancies (5, 6, 40, 53, 54) . In a previous study we found a cytolytic effect of a recombinant GFP-expressing VSV on human primary glial tumor culture (58) .
Sindbis virus (SIN) is a small, enveloped, single positivestranded RNA alphavirus with an 11.7-kb genome (19) . The laboratory strain AR339 used in this study is not known to cause human disease (22) . The potential use of SIN as a gene therapy vector has been the subject of several recent studies (57, 67) . Numerous aspects make this virus an interesting candidate for cancer therapy. It binds the high-affinity laminin receptor for cell entry (63) that is overexpressed in many tumor cells; it induces apoptosis in infected cells upon cell entry (25) , and its blood-borne nature may be useful for systemic application.
Pseudorabies virus (PRV), an alphaherpesvirus, is a large enveloped DNA virus that does not appear to cause disease in higher primates and humans (10) . The resistance of normal human cells to productive PRV infection and the absence of a preexisting immunity are favorable aspects that promote the idea of its application as a gene therapy tool. Two recent studies have raised the possibility of using PRV as a gene transfer vector or as an oncolytic agent (9, 43) .
Cytomegalovirus (CMV), a betaherpesvirus, has a doublestranded 235-kb DNA genome. Viral replication is host species specific. However, mouse CMV (mCMV) can potentially act as a gene delivery vector for human cells since the mechanisms that determine the species specificity seem not to affect virus attachment and entry (36) . In fact a recombinant mCMV transferred the reporter gene GFP to brain cultures and tissues from 11 species including human, confirming the feasibility of this idea (59, 60) . mCMV has an enhanced affinity for astrocytes in culture, inflicting cell death 2 to 3 days after infection. Human glial cell cultures infected with mCMV, however, remained intact throughout the study and were able to express virus-delivered reporter genes (59) . Human CMV (hCMV) has also been reported to have an affinity for glial cells (32) . In order to investigate whether human glioma cells could be targeted by this virus, we included both human and mouse CMV in this comparative study.
Minute virus of mice (MVM), an autonomous parvovirus, is a nonenveloped, linear single-stranded DNA viruses. The natural host range of MVM is restricted to mice. Viral replication depends on host cell factors expressed during the S phase of the cell cycle, a requirement that augments, but is not entirely responsible for, the inherent oncotropism of autonomous parvoviruses (13, 34, 51) . Previous studies reported successful targeting and oncolysis of human tumor cell lines (29, 49, 66) . The two strains included in our study, the fibrotropic prototype MVMp and the immunosuppressive strain MVMi, differ in their capsid protein, which is critical for differences in cell targeting and outcome of infection (7, 55) .
Adeno-associated virus (AAV) is a parvovirus with a nonenveloped linear single-stranded DNA that requires the coinfection of a helper virus for its own replication. AAVs have a wide host range and infect a variety of both dividing and nondividing cells. To date, AAV has not been related to any disease in humans. Wild-type AAV may also have an inherent oncoprotective action (8, 50) . Recombinant AAV has been used in antiglioma studies as a vector for delivery of therapeutic genes (33, 35, 65) . We used a replication-incompetent AAV2 expressing GFP in the present study for control purposes.
Simian virus 40 (SV40), a small nonenveloped polyomavirus, has a double-stranded circular DNA genome (ϳ5 kb) encoding small and large T-antigen (early genes), and three structural proteins. Several studies have suggested the incidence of SV40 in brain tumors to be significantly higher than in nonneoplastic brain tissue (27, 62) , suggesting a possible affinity for brain tumors; a causative relationship remains hypothetical. We included SV40 in our study to analyze whether an attraction to dividing neoplastic brain cells exists and whether recombinant SV40, expressing GFP in place of the viral T antigens might exhibit any kind of oncospecificity.
The purpose of the present study is to compare the characteristics of these nine viruses, seven of them replication competent, in terms of their affinity for human glioblastoma cells. Focusing on viruses that might have inherent oncolytic potential, we addressed the idea that the antineoplastic efficiency of any potential candidate depends on (i) the ability to infect and destroy tumor cells selectively, (ii) the nature of self-amplification through viral replication, and (iii) the potential to actively spread through the tumor mass. Previous studies have used other viruses in a variety of oncolytic tests. Here we compare the glioblastoma oncolytic profiles of a number of viruses that may have potential for treatment of malignant brain tumors.
MATERIALS AND METHODS

Cell lines.
The human glioblastoma tumor cell lines U-87 MG and M059J were obtained from the American Type Culture Collection (Rockville, MD) and propagated in minimal essential medium supplemented with 10% fetal bovine serum and 1% sodium pyruvate (U-87 MG) or Dulbecco modified Eagle medium with 10% fetal bovine serum (M059J), respectively. Cell lines U-118 MG, A-172, and U-373 MG were kindly provided by R. Matthews (Yale University, New Haven, CT). U-118 MG and A-172 lines are commercially available at the American Type Culture Collection (Rockville, MD); U-373 can be obtained from the ECACC (Salisbury, Great Britain). The age of the cells did not exceed 15 passages. Normal human dermal fibroblasts were purchased from Cambrex (Walkersville, MD) and maintained in fibroblast basal medium supplemented with hFGF-B and insulin (Cambrex). Fibroblasts were induced to grow by changing the medium to Dulbecco modified Eagle medium with 10% fetal bovine serum until they reached full confluency and turned into contact-inhibited cells. All cells were propagated in a humidified atmosphere containing 5% CO 2 at 37°C.
Viruses. A brief description of each virus used for the experiments is given below. Details regarding construction and characteristics of recombinant viruses can be found at the indicated references.
(i) VSV. A recombinant variant of the Indiana strain of VSV containing a GFP-VSV G fusion protein as an extra gene downstream of the native VSV G protein gene, kindly provided by J. K. Rose and K. Dalton (Yale University, New Haven, CT), was used in the present study (14, 28, 58) ; the virus was maintained on baby hamster kidney cells (BHK-21). BHK cells were used for virus plaque assay titers.
(ii) SIN. A recombinant SIN expressing GFP was a gift from J. M. Hardwick (Johns Hopkins University, Baltimore, MD). Details regarding virus vector construction and production are found elsewhere (22) . In brief, a construct consisting of a duplicated copy of the viral subgenomic promoter and a BstEII cloning site was inserted into the 3Ј regulatory region of SIN genome plasmid. The cloning site can be universally used for the expression of genes of interest, in this case GFP. Virus was collected from supernatants from transfected cells, and titers were determined by plaque assay on BHK cells.
(iii) PRV. Recombinant PRV strain 152, kindly provided by L. W. Enquist (Princeton University, Princeton, NJ), was used in the present study (52) . The EGFP expression cassette was cloned into a fragment containing the gG gene of PRV-Becker, which was than subjected to homologous recombination with the purified PRV-Bartha genome. The expression of EGFP was driven by the hCMV immediate-early promoter. PK15 cells were used for virus production and plaque assay.
(iv) MVM. Viral stocks for the two strains MVMi and MVMp were generated by transfecting 324K (MVMi) and A9 (MVMp) cells with pMVMi or pMVMp plasmids, respectively (17) . Transfected cells were transferred to larger dishes to promote cell division required for viral replication. After 5 to 7 days, virus was collected by repeated freeze-thawing cycles of the harvested cells in TE8.7 buffer, purified by using standard sucrose gradient centrifugation, and titrated by plaque assay as described elsewhere (55) .
(v) hCMV. Recombinant hCMV expressing enhanced GFP under the control of the cellular elongation factor promoter (EF1␣) (26) was kindly provided by J. Vieira (University of Washington, Seattle). The gene coding for EGFP was inserted between US9 and US10 of the human CMV genome, a site that appears to tolerate alterations without affecting viral replication. GFP expression and replication capability were tested on normal human fibroblasts.
(vi) mCMV. Enhanced GFP-expressing recombinant mCMV (MC.55) was derived from the K181 strain. The expression cassette containing the GFP gene controlled by the human elongation factor 1␣ was inserted into the immediateearly gene (IE-2) site (59) . NIH 3T3 cells were used for viral propagation and plaque assay.
(vii) AAV. The recombinant AAV2 vector was provided by K. R. Clark (Ohio State University, Columbus). GFP expression was driven by a CMV ie1 promoter. The virus was produced in a HeLa-based cell system transfected with plasmids carrying viral rep and cap genes and the ie1-CMV-GFP expression cassette flanked by the AAV-ITRs as previously described (12) . Virus production was initiated upon infection with adenovirus 5. Final purification steps ensured the absence of wild-type AAV and adenovirus contamination, resulting in replication-incompetent GFP-expressing recombinant AAV2.
(viii) SV40. Recombinant SV40 was kindly provided by D. DiMaio (Yale University, New Haven, CT). The virus was produced based on a previously described SV40 vector system (38) in which the sequence for large and small T-antigen was replaced by the bovine papillomavirus (BPV) E2 gene. Here, a CMV promoter-controlled GFP expression cassette was inserted in place of the BPV sequences. For generating recombinant SV40, CMT4 cells that express large T-antigen under control of a Zn 2ϩ and Cd 2ϩ inducible promoter were transfected with a pucEcoSB11 plasmid containing the SV40 structural genes and the GFP expression cassette. In some control experiments, wild-type SV40 was used.
Cell culture experiments. Tumor cells were seeded in 24-well plates at a density of 20,000 cells per well in triplicate for each condition. After 12 h, the 5 to 10% confluent monolayer was washed with phosphate-buffered saline (PBS). 1 ml of serum free medium was added to each dish containing either 10 6 PFU (multiplicity of infection [MOI] ϭ 50) or 2 ϫ 10 4 PFU (MOI 1) of recombinant virus or no virus (control). After 6 h, fetal bovine serum was added to each dish to make a final concentration of 10%. After 3 days, 0.5 ml of the medium was replaced by fresh medium containing 10% serum.
(i) Cell growth kinetics. An initial cell count of 10 fields per dish was performed by placing the plates under a microscope shortly after the virus or mock infection started. For a systematic counting, fields were grouped into four central and six peripheral fields. For orientation, the center of each dish was marked. At the specified time points, counting was repeated in the same manner, thereby achieving a high match of corresponding fields.
(ii) Cytotoxicity assay. Ethidium homodimer (EthD-1; Molecular Probes, Eugene, OR) was used to label dead cells. According to the manufacturer's instructions, 20 l of EthD-1 stock was dissolved in 10 ml of PBS (plus Ca 2ϩ and Mg 2ϩ ). The medium was carefully removed and replaced by 250 l of EthD-1 solution per dish. After 40 min of incubation at 37°C, the dead cells were counted based on red fluorescence of nuclei.
(iii) GFP-reported gene expression. All viruses tested with the exception of MVMi and MVMp were recombinant viruses expressing green fluorescent protein (GFP) as a reporter for cell infection. Green fluorescence was detected by using an Olympus IX71 fluorescence microscope. Counting of green cells was performed as described above with the same dishes as for cell growth analysis. Positive controls were included for every virus by infecting permissive cells (as indicated previously in the section on viruses).
(iv) Replication and viral spread. A grid pattern with 1-to 2-mm intersections was scratched with a diamond knife on poly-D-lysine coated glass coverslips (22 by 22 mm) that were placed into 35-mm petri dishes. Then, 2 ml of a cell suspension containing ca. 50,000 cells per ml was added to cover the glass. After 12 h the growth medium was replaced by serum-free medium containing 1 million PFU of the particular virus. After 6 h the dish was washed five times with fresh medium. To avoid contamination with any unincorporated virus particle, single glass pieces with a surface of ca. 1 to 4 mm 2 were broken from the grid and put into new petri dishes containing fresh medium and carefully washed with medium 10 times. These glass chips were finally transferred into 24-well plates containing a cell layer of native U-87 MG tumor cells. Dishes were observed on a daily basis for appearance of green cells.
(v) Infection rate. Both high (MOI 50) and low (MOI 1) virus concentrations were used for every virus. To determine the relative number of cells infected for each particular virus, the total number of cells and the number of infected cells were counted in 30 microscope fields based on at least three culture dishes inoculated with each of the nine viruses. Virus infection of the brain tumorderived cell line U-87 MG was studied through the course of 7 days by analyzing the number of cells expressing the GFP reporter gene as an indicator for infected cells. Since GFP-expressing rMVM would be replication incompetent, we used immunocytochemistry for virus antigen detection as a marker for MVM infection.
(vi) Glioma-fibroblast coculture. In this setting, 10-mm coverslips carrying either glioma cells or human fibroblasts were cut, and one-half from a glioblastoma culture and one-half from a fibroblast culture were placed in the same well of a 24-multiwell dish prior to the addition of the indicated virus suspensions. Each condition was tested in triplicate.
(vii) Virus adaptation to glioblastoma. VSV and SIN were subjected to repeated passaging on a glioblastoma cell culture. First, a monolayer of U-87 MG cells was infected with the original VSV-G-GFP stock at an MOI of 1. Five minutes elapsed for viral attachment, after which the medium was exchanged three times with normal growth medium. Supernatant containing viral progeny was collected at 10 h postinfection (hpi) for the first 10 generations, 8 hpi for the next 10 passages, and 6 hpi for the final passaging rounds. In between each passage, a 1-h incubation on a fibroblast layer was performed to preabsorb virus particles with fibroblast affinity and only the supernatant was passaged. After 30 passages, the virus suspension was double plaque purified, and one clone from a single plaque was expanded, its titer was determined, and it was designated VSV-rp30 (for "30 times repeated passaging"). SIN was passaged on a U-87 MG and M059J coculture with the intention of generating viral progeny with tropism to both glioblastoma lines. The passage time was 24 h.
In vivo experiments. For subcutaneous tumor xenografting, 5 ϫ 10 5 U-87 MG cells suspended in 100 l of PBS were injected into each flank of 6-to 8-week-old female CB.17 SCID mice (Jackson Laboratory, Bar Harbor, ME). About 3 weeks after injection, the mean tumor volume (calculated as volume ϭ length ϫ width 2 ϫ 0.52) had reached 0.5 ml. For intratumoral injection of the virus, mice were grouped in pairs (four tumors each group) and anesthetized by intramuscular injection of a combination of ketamine and xylazine (100 and 10 mg/kg, respectively). A single bolus of 100 l containing either 10 10 transduction units AAV or 10 7 PFU of VSV, VSV-rp30, SIN, or PRV was injected into the center of the tumor mass. The body weight and tumor dimensions were recorded daily. At the indicated time points, mice were sacrificed by an overdose of Nembutal and perfused transcardially with physiological saline, followed by freshly prepared 4% paraformaldehyde solution. Tumor masses were excised and stored in paraformaldehyde. For analyzing viral infection and spread, the tissue block was cut in 20-m sections by using a microtome. From serial sections, 1 of every 20 sections was mounted in a DAPI (4Ј,6Ј-diamidino-2-phenylindole) mounting medium on glass slides for a representative collection of each tumor.
All experiments were performed in accordance with institutional guidelines of the Yale University Animal Care and Use Committee.
Microscopy. An Olympus IX 71 fluorescence microscope was used to analyze fluorescence with 485-nm excitation for GFP detection, 530-nm excitation for red fluorescence, and a triple filter for DAPI with green or red fluorescence. The microscope was connected to a SPOT RT digital camera (Diagnostic Instruments, Sterling Heights, MI) interfaced with an Apple Macintosh computer. All counting steps were done at the computer screen. The contrast and color of the photomicrographs taken were corrected with Adobe Photoshop.
Immunocytochemistry. At the indicated time points, cells were washed with PBS (plus Ca 2ϩ and Mg 2ϩ ) and fixed with 200 l of 2.5% paraformaldehyde for 15 min at room temperature. Cells were permeabilized with 0.1% Triton X solution for 10 min. After the unspecific binding sites were blocked with 20% normal goat serum (NGS) in PBS for 1 h at room temperature, the cells were incubated with a 1:100 dilution of a polyclonal antibody with reactivity to both MVM NS1 and NS2 for 1 h at 37°C. A 20-min reblock with 20% NGS was followed by an incubation with the FITC-labeled secondary antibody (#111-095-1440; Jackson Immunoresearch Laboratories, West Grove, PA) for 45 min at 37°C. After each antibody incubation, the cells were washed thoroughly with PBS. Immunoreactivity was observed by using a fluorescence microscope. Negative controls were performed by staining mock-infected cells and by excluding the primary antibody. Positive controls included the use of the MVM-permissive cell line 324K and test experiments with a monoclonal primary antibody that revealed a similar pattern of immunoreactivity.
RESULTS
In this study we compared the characteristics of nine viruses infecting human glioblastoma cell lines in vitro and in vivo to analyze their potential as antitumor agents. All viruses tested with the exception of the two MVM strains were recombinant VOL. 79, 2005 VIRUS TARGETING OF GLIOBLASTOMAviruses expressing GFP, allowing clear detection of viral infection and gene expression. In cell culture experiments, we studied the infection rate, antiproliferative effects, tumor cell lysis, and replication capacity. Experiments were repeated on a second human glioblastoma cell line with a different genetic profile to determine whether the results could be generalized to different glioblastoma types. To further examine tumor specificity, we used human fibroblasts as a control and tested the five viruses that showed strong actions against tumor cells with the control cells. In addition, we performed serial passage experiments with the best candidate viruses on glial tumors to potentially enhance their antitumor characteristics. Finally, we tested viruses that worked best in vitro in an in vivo proof-ofprinciple model with subcutaneous xenografts of human glioblastoma cells in SCID mice. Assessment of in vitro characteristics of nine viruses. Each set of experiments in the Results section is organized by RNA and DNA viruses, and the order of description is maintained in the different tests, i.e., VSV, SIN, PRV, hCMV, mCMV, MVMi, MVMp, AAV, and SV40.
Infection rate. (i) RNA viruses. VSV infection occurred rapidly, and GFP fluorescence could be observed as early as 4 hpi. The difference between the low (MOI 1) and high (MOI 50) virus concentration was only marginal, and nearly all cells showed GFP expression at 1 day postinfection (dpi). VSV-GFP fluorescence showed a very distinct pattern with prominent membrane fluorescence (Fig. 1A2) . By 3 dpi, all remaining cells were green ( Fig. 2A) . At 5 and 7 dpi, only clusters of cell debris could be detected in the dishes.
GFP expression in SIN-infected glioblastoma cells occurred more slowly than with VSV and in a concentration-dependent manner. The first signs of weak cytosolic GFP expression were observed at about 12 and 16 hpi (MOI 50 and MOI 1, respectively). Green fluorescence gradually increased, and all cells expressed GFP at 5 dpi (MOI 50) or dpi 7 (MOI 1), respectively ( Fig. 1B2 and 2B ).
(ii) DNA viruses, enveloped. The time course of PRV infection revealed two patterns depending on the initial level of viral load. At MOI 50, GFP expression could be detected as early as 6 hpi, and nearly all cells were infected after 1 dpi (Fig.  1C2 , at 7dpi). In contrast, at low virus concentrations GFP expression was considerably lower (Fig. 2C) .
The recombinant human CMV strain included in our experiment did not show a strong GFP expression in human U-87 MG cells (Fig. 1D2) . GFP-positive cells appeared after 24 hpi and peaked at 5 dpi (7.9% Ϯ 0.7% at MOI 50; Fig. 2D ). At an MOI of 1, GFP expression was negligible.
Based on a previous study showing that mCMV infected several cell populations in human hippocampal slices (60), we included mCMV (MC.55) to address its affinity for human glial tumors. The first signs of infection became evident at 24 hpi. Only high infection levels of MOI 50 led to a moderate GFP expression (peak value of 10% at 3 dpi; Fig. 1E2 and 2E) .
(iii) DNA viruses, nonenveloped. The two MVM strains tested-MVMi and MVMp-are nonrecombinant virus strains requiring immunostaining for detection ( Fig. 1F2 and G2 ). Immunostaining of MVMi (MOI 50)-infected cells peaked at 3 dpi with ϳ40%, and immunostaining of MVMp-infected cells peaked at 5 dpi with ϳ30% ( Fig. 2F and G) . Infections at lower MOIs caused immunoreactivity in the range of 5 to 10% of cells.
GFP expression in AAV-2-infected U-87 MG cells was limited to the high MOI of 50 and was first detected as early as 10 hpi. GFP labeling peaked on 5 dpi with ϳ50% of green cells ( Fig. 1H2 and 2H ).
SV40 did not show a convincing affinity for these human tumor cells. By the end of the 1-week observation, very few cells showed GFP expression (Fig. 1I2 and 2I ). In contrast, the recombinant SV40 showed strong GFP expression in control CMT4 cells that provide the large T antigen in trans.
Effect on cell proliferation. (i) RNA viruses. VSV at both MOIs significantly reduced the number of tumor cells within 24 hpi. Cell numbers dropped to only a few cells within the next 2 days. By 5 and 7 dpi, we could not detect any viable cells in any VSV-infected dish ( Fig. 2A) . In contrast, cell numbers in mock-infected dishes doubled about every second day generating a smooth exponential growth curve.
By 1 dpi, SIN showed substantial growth suppression in dishes with the higher viral load (MOI 50). Cell numbers remained basically at the initial levels, dropping continuously over the course of the next 4 days, and reached zero by the end of the 1-week observation period. At the lower virus concentration, the suppressing effect of SIN on tumor cell proliferation was delayed and came into effect after 3 dpi.
(ii) DNA viruses, enveloped. Proliferation of U-87 MG cell cultures was significantly halted by PRV at MOI 50 at 1 and 3 dpi (Fig. 2C) . After 1 week, cell numbers were reduced to ϳ30%. In contrast, low PRV concentration of MOI 1 could only slightly suppress the cell growth. At 7 dpi, the cells had grown to full confluency, although they were not as dense as the overgrown control culture.
Infection of U-87 MG cells by either human or mouse CMV did not result in any significant effect on the proliferation rate, as can be seen by the matching growth curves in Fig. 2D and E.
(iii) DNA viruses, nonenveloped. At the higher concentration, MVMi infection resulted in a substantial block of culture growth, with cell numbers falling to ϳ80% (Fig. 2F ) of the initial levels on 5 dpi. Interestingly, tumor cells showed a tendency toward recovery at 7 dpi, with a slowly increasing growth rate. On the other hand, MVMp infection at MOI 50 caused only a moderate slowing down of tumor cell proliferation (Fig.  2G) . Based on the rising cell number in both MVM dishes by the end of the 1-week surveillance, we introduced an additional observation point at 13 dpi to analyze whether the growth suppressing effects of MVM were sustainable. In fact, the cell growth rate in MVMi-infected dishes reached 477.0% Ϯ 47.5% at 13 dpi, revealing that a single application was not enough to block cell growth over an extended period. MVMpinfected cultures were overgrown by day 13, and cell numbers increased to 20-fold of the initial cell count (2,088% Ϯ 269.0%; n ϭ 30 fields). With an MOI of 1, MVM strains did not differ significantly and showed only a mild suppression of the growth curve.
The two remaining recombinant viruses, AAV-2 and SV40, did not show any effect on the proliferation of U-87 MG cells ( Fig. 2H and I ). These cell proliferation and cytopathic effect (CPE) studies were repeated with wild-type, replication-competent SV40 virus with essentially identical results. Cytotoxic effects. Virus inhibition of cell growth could occur through several different mechanisms. To test whether the viruses described above that slowed tumor growth did so by cytolytic actions, we studied cell death by using an ethidium homodimer cell death assay at 1, 3, 5, and 7 dpi. In addition, cell cultures were screened for the occurrence of CPEs.
(i) RNA viruses. VSV infection caused substantial CPEs in the form of rounding up, detachment, and membrane blebbing, which started as early as 6 hpi. At 1 dpi, more than half of the cells in both cultures stained red in the EthD-1 assay (Fig. 1A3) , revealing dead or dying cells. By 3 dpi, nearly all of the cells exhibited red nuclear fluorescence (Fig. 2A) .
Cells infected with SIN presented marked CPEs in the form of rounding up and monolayer disruption. At 24 hpi, EthD-1 staining revealed moderate rates of cell death at MOI 50 but no effect at MOI 1. At the following time points, nearly all cells initially infected with MOI 50 showed red nuclear fluorescence ( Fig. 1B3 and 2B) . At an MOI of 1, cell death rates rose to Ͼ90% by 7 dpi.
(ii) DNA viruses, enveloped. PRV-infected cells presented CPEs (rounding up and detachment) ca. 24 h after cells started to express GFP. In the course of 1 week, EthD-1 positivity rates rose steadily up to ca. 60%, with concomitantly dropping cell numbers at high initial infectious titers (MOI 50) (Fig.  1C3) . In contrast, low virus titers did not result in substantial cell death (Fig. 2C) .
hCMV infection did not cause an increase in EthD-1 monitored cell death ( Fig. 1D3 and 2D) . The GFP-positive cells showed occasional signs of CPE (rounding up); syncytium formation was observed in just 1 out of 30 fields. Infection with mouse CMV also did not result in any detectable increase in cell death by means of EthD-1 labeling (Fig. 1E3 and 2E) .
(iii) DNA viruses, nonenveloped. CPEs associated with MVM infection included rounding up and detachment. EthD-1 labeling peaked at 5 dpi with ϳ40% in MVMi (MOI 50)-infected cultures and with ϳ20% in MVMp (MOI 50)-infected cultures (Fig. 1F3 and G3) . At a lower initial viral load (MOI 1), both virus strains caused cell death in ca. 5 to 8% between 3 and 7 dpi (Fig. 2F plus G) . Thirteen days after treatment the recovery of cell proliferation in both cultures was reflected in a significant drop in cell death rates (17.8% Ϯ 0.8% in MVMi cultures and 7.7% Ϯ 0.3% in MVMp cultures), indicating that a single application of MVM did not sustain its tumor-suppressive action.
AAV2 and SV40 infection did not cause any morphological change or cell death during the 1-week observation period (Fig. 1H3, 2H, 1I3 , and 2I). For control purposes, U-87 MG cells were also infected with wild-type SV40. Wild-type SV40 showed no increased cytotoxicity. Viral replication and spread. To address the question of whether a virus could replicate in infected glioma cells and progeny spread to cells not initially infected, we introduced a straightforward replication assay on the basis of transferring infected cells growing on a glass chip to a noninfected culture. Test determinants were the appearance of infected cells in the monolayer and a potential effect on the intactness of the monolayer (Fig. 3F) .
(i) RNA viruses. The first signs of VSV-induced GFP expression among cells in the initially uninfected host chamber appeared about 12 h after transfer of the glass chip. At 24 h, Ͼ50% of the host cells expressed GFP. By day 3, VSV had spread throughout the whole culture in all dishes, as detected by strong GFP expression in all host cells, inflicting strong CPEs in all cells and subsequently causing cell death (Fig. 3A) . VSV caused a complete destruction of cells in the host chamber by day 5.
Upon studying SIN replication, we found that GFP-expressing cells appeared at 5 dpi throughout the monolayer (two dishes with ϳ80% green cells and one dish with ϳ50% green cells; Fig. 3B ). Infection was accompanied by marked CPEs in the form of rounding up and detachment. By dpi 7, the monolayer was disrupted and the number of cells was noticeably reduced, demonstrating a successful replication of SIN and an amplification of the tumor-suppressive effect.
(ii) DNA viruses, enveloped. At 1 dpi, PRV-infected cells on the glass chip showed GFP fluorescence. One day later, the first green cells appeared in proximity to the glass chip. In the course of the 1-week observation period, GFP-expressing cells spread through the monolayer in a sequential fashion, suggesting a cell-to-cell transmission rather than a free release into the medium (Fig. 3C) . The effect on the integrity of the monolayer was moderate: although strong CPEs resulting in cell death were inflicted in areas of PRV spread, the culture was maintained and grew to full confluency, disrupted only by small green patches. Thus, U-87 MG cells are permissive for PRV replication, although with a low virus replication index.
After infection with hCMV of cells on the glass chip, the initially treated cells on the glass chip showed GFP fluorescence beginning at 1 dpi, but no GFP expression was observed in the host monolayer throughout the rest of the observation period (Fig. 3D) . We conclude that human glioma U-87 MG cells are nonpermissive for hCMV. As expected, human glioma cells U-87 MG were also nonpermissive for the replication of mouse CMV. Green cells became visible on the glass chip as early as 1 dpi, but the monolayer remained clear of any GFP fluorescence throughout the observation period of 9 days.
(iii) DNA viruses, nonenveloped. Three days after a glass chip carrying MVMi-infected U-87 MG cells was placed into a dish with an uninfected U-87 MG monolayer, immunostaining revealed marked cells fringing the glass chip (Fig. 3E) . The pattern of immunopositivity expanded throughout the following days, and stained cells could be observed in places remote to the glass chip. However, the overall number of infected cells (ca. 200 to 300) was small in comparison to a confluent monolayer comprised of ca. 200,000 cells, consequently making the adverse effect on the integrity of the cell culture negligible. Replication of MVMp in U-87 MG cells occurred in a similar fashion, although fewer cells were infected by MVMp than by MVMi. AAV-2 was used as a nonreplicating control, testing whether any unincorporated virus could be transferred with the glass chip. In three dishes with two glass chips each, we did not observe any GFP fluorescence in the monolayer throughout the 9-day observation period, although most of the cells on the transfer chip were bright green. The AAV data support the view that this approach functions as a viable indicator for viral replication in vitro. SV40-inoculated GFP-positive cells appeared on the glass chip at 3 dpi. In contrast, the monolayer culture remained clear of any signs of GFP expression through the 9-day observation period, as expected for this recombinant form of SV40 that is incapable of propagation in the absence of viral T antigen.
Virus generalization to glioblastoma cell line with different derivation. Experiments addressing the infection rate, cell death, and viral replication were repeated with a different glioblastoma cell line M059J (Fig. 4C) , and the profiles of antitumor activities were compared. A different set of genetic lesions underlies the transformation of M059J compared to U-87 MG as detailed in the Discussion. Analysis was performed at 5 dpi for most viruses and at 3 dpi for VSV due to its rapid action. Graphs summarizing experiments for green fluorescence detection and EthD-1 cell death assay are presented in Fig. 4 .
(i) RNA viruses. VSV infection of M059J cells led to a rapid and widespread expression of GFP, following a time course similar to U-87 MG cells. Similar to the U-87 MG cells, M059J cells were fully permissive for viral replication. Although a marginal difference, the effect of VSV on M059J cells was slightly delayed compared to that on U-87 MG cells. Surprisingly, SIN did not infect M059J cells. There were neither signs of GFP expression nor any adverse effects on cell growth or vitality. For control purposes, we repeated the experiments with U-87 MG and confirmed the cytotoxic results described above. Hence, we conclude that M059J is nonpermissive and that U-87 MG is fully permissive for SIN infection, indicating an involvement of distinguishing factors for virus entry or viral gene expression in two glioblastoma cell lines.
(ii) DNA viruses, enveloped. PRV infection of M059J cells with initial levels of 50 MOI resulted in GFP expression in almost the entire culture, mirroring the strong effect of PRV on U-87 MG cells. However, at a lower dose of 1 MOI, M059J cells were much more susceptible to PRV infection than were U-87 MG cells (18% versus 2%). This trend was reproduced in the EthD-1 cell death assay with a higher labeling index in M059J cultures than in U-87 MG cultures for both viral concentrations, as well as in the replication assay with a higher replication index in M059J cells. M059J cultures exposed to SV40 did not express GFP, further substantiating the low efficiency of infection of this recombinant SV40 in human glial tumor cell lines.
Effect on nonglioblastoma control cells. Based on the experiments above, five viruses from the initial set emerged as potential antiglioblastoma agents: VSV, SIN, PRV, and the two MVM strains. To test whether the viruses showed any selective affinity for glioblastoma cells, normal human adult fibroblasts were cocultured with U-87 MG cells and exposed to either MOI 1 or MOI 10.
After VSV infection, the first signs of GFP expression were detected at 6 hpi in tumor cells but only after 18 hpi in human fibroblasts. At 1 dpi, all tumor cells showed green fluorescence (Fig. 5A ) compared to 50% GFP positivity among the fibroblast culture (Fig. 5B) . At 3 dpi, ca. 80% of fibroblasts expressed GFP. The initial MOI did not seem to influence the course of GFP expression, which is most likely explainable by the large amount of virus progeny released rapidly by infected tumor cells.
Human fibroblasts did not show any signs of infection with SIN. During the 1-week observation period fibroblasts remained clear of any CPEs and GFP expression at both infectivity levels MOI 1 and MOI 10 (Fig. 5C) . Simultaneously, U-87 MG cells were effectively infected by SIN, reproducing the tumor-suppressive outcome described in the previous paragraphs. We conclude that these normal human fibroblasts are nonpermissive for SIN infection.
PRV infection of cocultured U-87 MG cells and normal human fibroblasts led to GFP expression and consecutive CPEs in both cell types. At initial virus levels of MOI 10, 50% of the cells in both groups expressed GFP after 24 h and ca. 90% expressed GFP at 3 dpi. Of note, fibroblasts appeared to be more susceptible to viral infection than glioblastoma cells at a low MOI (human fibroblasts, ϳ50% at 3 dpi [Fig. 5D ]; U-87 MG, ϳ10% at 3 dpi). Infected tumor cells rapidly exhibited pronounced CPEs, whereas a 2-day delay was observed for morphological changes of infected fibroblasts. HCMV showed little infection of human glioblastoma cells. To test that the virus maintained replication potential in other cells, we tested the recombinant on human fibroblasts. HCMV rapidly infected cultured fibroblasts as indicated by GFP expression, caused CPEs and cell death (data not shown). Based on the same test principle as our glass chip replication assay, hCMV effectively produced progenitors that ultimately destroyed the fibroblast monolayer (data not shown).
Immunocytochemistry for MVM antigen detection was performed 3 and 7 dpi. At both time points, labeling for viral infected cells was very sparse among the fibroblast monolayer, resulting in ca. 1 to 2% positive cells after MVMp exposure (MOI 1) and Ͻ5% with MVMi (MOI 1)-exposed cultures (Fig.  5E and F) . Interestingly, a higher MOI of 10 did not result in increased labeling indices of fibroblast cultures. In addition, no morphological changes were observed in fibroblasts. Infection rates of MVM in U-87 MG cultures were comparable to the numbers presented in Fig. 2F and G and in the results presented above.
Adaptation of viruses through repeated passaging. RNA viruses are prone to spontaneous genetic variation. The mutation rate of VSV is ca. 10 Ϫ4 per nucleotide replicated, giving ϳ1 change per genome (15) . This provides the basis for a viral capacity to adapt to changing cellular environments. The VSV strain used in the present study rapidly killed tumor cells; however, its cytotoxic potential was not limited to tumor cells, as was shown by delayed infection of normal human fibroblasts. Through repeated passaging under certain enforcing conditions, we tested the hypothesis that VSV could be adapted to human glioblastoma cells with reduced affinity for control human fibroblasts.
Since the recombinant VSV strain (VSV-G/GFP) was originally grown on BHK-21 cells, we adapted it to U-87 MG cells by repeated serial passaging (30 times) and enhancing selection through several mechanisms: (i) short time for viral attachment to glioma cells, (ii) collection of early viral progeny, and (iii) preabsorption of viral particles with high fibroblast affinity. The results comparing the original VSV-G/GFP with the glioma-adapted VSV-rp30 are presented in Fig. 6 and 7 . To ensure equal virus titers, a plaque assay was performed prior to each experiment with dilutions of the viral working solutions (Fig. 7A) . To test whether a potential tumor cell adaptation would result in an enhanced infectivity not only to the passage cell line but also to a variety of different glioblastoma cell lines, we compared the original VSV-G/GFP and VSV-rp30 on five distinctive glioblastoma cell lines (U-87, M059J, U-118, A-172, and U-373). Early during the infection, VSV-rp30 consistently infected all tested glioblastoma cell lines more rapidly than VSV-G/GFP, as shown by the stronger appearance of GFP and CPEs (Fig. 6A) . Figure 6B summarizes the comparison of infection with VSV and VSV-rp30 during the first 12 h of infection with an MOI of 10. Ten microscopic fields from two dishes for each condition were analyzed.
Human fibroblasts were used as control cells to study the oncotropism of VSV. VSV-rp30 showed signs of attenuation for infection of human fibroblasts. Throughout a 1-week observation period, human fibroblast monolayers remained intact at low VSV-rp30 concentrations (MOI 0.1 and MOI 1) compared to an overall cell death caused by infection with VSV-G/GFP (Fig. 7B) . At higher viral concentrations (MOI 10), however, VSV-rp30 caused cell death to normal human fibroblasts, although at a slower rate than normal VSV-G/GFP (data not shown). To verify this trend of increased specificity, a coculture was used in which small glass chips carrying U-87 MG cells were placed onto a confluent fibroblast monolayer prior to adding a virus suspension containing 10 5 PFU. Figure  7C presents typical images taken at an early and late time point. At dpi 1, both VSV strains produced GFP expression in all U-87 MG cells (located on the glass chip). In contrast, the fibroblast monolayer remained clear of any GFP expression in VSV-rp30 dishes but showed substantial GFP expression in VSV-G/GFP dishes. This pattern was confirmed by observations at dpi 7. VSV-G/GFP caused an overall cell death producing green cell debris of glioblastoma cells and fibroblasts covering the base of the dish, whereas VSV-rp30 selectively killed tumor cells on the glass chip while not affecting the intactness of the fibroblast layer. Together, this approach resulted in a strain that showed an enhanced cytotoxicity and selective affinity for glioblastoma cell compared to control cells.
We used a similar approach for growing successive generations of SIN on glioblastoma cells (including mixed M059J-U87 MG cultures), but the resultant viral progeny behaved similarly to the original stock and therefore is not discussed further here.
Effect of viruses on solid tumor grafts in vivo.
In a proofof-principle study to address the correlation of in vitro results with intratumoral spread, the four viruses with the strongest antitumoral profile in vitro, namely, VSV, its passage-adapted variant VSV-rp30, SIN, and PRV, were injected (10 6 PFU) into subcutaneous solid glioma tumors in two mice each. In addition, GFP-expressing AAV (10 9 transduction units per injection) was included as a replication-incompetent control virus.
Four mice were injected with VSV-G/GFP or VSV-rp30. Analysis of the freshly excised tissue blocks under a fluorescence dissecting microscope revealed widespread GFP expression in the tumor mass but not in the surrounding normal subcutaneous tissue. In two mice bearing pairs of tumors, only one of the tumors was injected with virus. Of interest, both the inoculated and the noninoculated tumors on the opposite side of the body showed a complete green fluorescence at 10 dpi (Fig. 8A) , indicating virus spread to tumor tissue in remote places. Microscopic analysis of tumor sections confirmed the tumor specificity. VSV rapidly penetrated the tumor bulk, as was seen 3 and 6 days after VSV or VSV-rp30 inoculation in two tumor samples each. At 10 days after tumor inoculation, VSV-G/GFP (Fig. 8B, corresponding to Fig. 8A ) and VSVrp30 (Fig. 8C) had reached the outermost tumor cell layers but did not spread into the surrounding normal tissue, as can be seen by the clear border demarcation. In addition, clear cytopathic changes in the form of loss of cellular processes and cellular rounding were present.
After SIN inoculation (10 dpi), GFP fluorescence showed a widely distributed pattern with multiple small plaques throughout the tumor tissue. In addition, a distinct subcapsular band of green fluorescence was present in both tumors (Fig. 8D) . At high magnification, half of the infected cells exhibited cytolytic morphological changes, including cellular rounding and cellular disintegration with formation of small green granules. Even 10 days after PRV inoculation, GFP expression was observed only in a central tumor area of ca. 1 mm 3 (Fig. 8E ). The extent of GFP expression was not different from what we observed at 3 dpi, a finding indicative of relative little virus spread over time. Cellular fluorescence was bright, and morphological changes included loss of processes and cellular disintegration (inset in Fig. 8E ). Green fluorescence was in large part associated with areas of cellular debris and granule-like figures, indicating cell death induction by PRV infection. Although cell lysis had occurred in infected areas, no substantial signs of further intratumoral spread of PRV were apparent.
GFP in infected cells could only be detected in a small area surrounding the needle track after AAV inoculation, with some single cells spread in a radius of about 0.5 to 1 mm, as shown in a typical section in Fig. 8F . Green cells exhibited a polymorphic appearance with preserved tumor cell processes (inset in Fig. 8F ), indicating that the tumor integrity was not affected by AAV infection. Together, the data gained from our in vivo proof-of-principle study substantiate the findings of the in vitro studies in general and of the replication assay in particular. As seen with the control AAV, replication deficiency limits the operating range of virus vectors to the immediate vicinity of the injection side. In contrast, both VSV and SIN penetrated through the tumor mass and, in the case of VSV, even reached the tumor border in a short period of time, without further invading the surrounding nontumor tissue at the time points studied.
DISCUSSION
There are currently no known medical or surgical approaches that constitute an effective treatment of glioblastoma, and most patients diagnosed with this type of brain tumor live less than a year. Since replication-competent viruses that could infect glioblastoma may be effective in the treatment of brain tumors, we tested the ability of nine different viruses to infect and kill selectively human glioblastoma in vitro and then used an in vivo model of solid human glioblastoma to test further the actions of viruses that were effective in vitro. A strain of glioblastoma-adapted VSV showed the greatest potential. SIN, MVMi, and MVMp also had some characteristics that showed promise. Human and mouse CMV, PRV, AAV, and SV40 were relatively ineffective.
Standardized test for viral effectiveness at targeting brain tumor cells. The strategy of using viruses to treat brain tumors has shown some promise for several viruses, including adenovirus, retrovirus, herpesvirus, poliovirus, vaccinia virus, measles virus, and H-1 parvovirus (11, 18, 21, 23, 42, 45, 46, 56, 61) . However, the small number of viruses that have been utilized have generally been studied by different laboratories using multiple strategies on different cells and animal models, sometimes making it difficult to compare the potential of viral candidates. For this reason we used a series of eight tests, each addressing a different question relating to viral infection of tumor cells, including the expression of a reporter transgene, inhibition of glioblastoma mitosis, cytolytic action, genotype selectivity, glioblastoma selectivity compared to control cells, and in vivo substantiation of in vitro comparisons. This allowed a semiquantitative comparison of different viruses. An ideal virus for glioma virotherapy would selectively infect and kill glioblastoma cells and self-amplify its local action through viral replication. The behavior of the viruses with in vitro tests had strong predictive value relative to how the same virus performed in the in vivo model with solid glioblastoma tumors. The in vitro tests appeared reliable, and repetition of the same test months later generated the same quantitative results.
Use of replication-competent viruses. Although replicationincompetent viruses have been used with some success to deliver genes that kill tumor cells (35, 45) , the range of oncolytic action is limited to the immediate site of application. Human trials have recently shown that the transfer efficiency of intratumorally injected replication-deficient retrovirus and adenovirus was small: in the range of 0.01 to 4% or 0.01 to 11%, respectively (44) . Given this problem, the use of replicationcompetent viruses that have an affinity for a particular tumor type may ultimately prove more effective. To address the replication capacity of the viruses tested, we used a practical in vitro replication assay with small glass chips for isolated infection. The basic construct of transferring a very small number of infected cells onto a native tumor cell layer mimics the situation in situ, where only a small fraction of tumor cells get initially infected upon intratumoral injection. Not only was this test specific, as we have shown by the lack of viral spread of the replication-deficient AAV and recombinant SV40, it also served as a sensitive indicator, as can be seen by the strong correlation between the extent to which VSV, SIN, and PRV spread through the culture dish and the intratumoral spread observed in our in vivo solid tumor model.
Five of the viruses tested did replicate in glioblastoma cells. VSV and SIN progeny released from a small number of cells rapidly spread throughout the culture, ultimately killing all of the tumor cells. However, replication capability does not necessarily lead to self-amplification of the antitumor effect. Although PRV and both MVMi and MVMp showed definite and reproducible signs of viral spread, the effect on the tumor cells was limited. Confirming this observation, the area of intratumoral spread of PRV in an in vivo model was small, with little sign of spread at the longer time of action.
Virus generalization and specificity for different glioblastoma lineages. To accommodate the heterogeneity of glioblastomas in our evaluation of viruses, we compared the oncolytic potential of the viruses in two different types of glioblastoma: U-87 MG and M059J. U-87 MG cells are hypodiploid, with a number of mutations that commonly occur in glioblastoma cells, i.e., multiple mutations in PTEN, deletions in p16, p14, and alpha interferon, production of transforming growth factor, and overexpression of EGFR and PDGFR. In contrast, p53 is wild type in these tumor cells (1, 24, 37, 39) . M059J cells, on the other hand, are nearly pentaploid, with frequent aberrations on chromosome 8, are homozygous for a single point mutation in the TP53 gene, and are defective in the DNA-PKmediated repair of DNA damage (3, 4) . Although two cell lines do not cover the full extent of the genotype anomalies found in glioblastoma, they do serve as an example for testing whether a virus action has a more universal or restricted cell type affinity.
VSV rapidly infected and killed both cell lines, indicating a likely general targeting of glioma cells. In contrast to VSV, three of the viruses showed preferences for a single glioblastoma genotype: SIN for U-87 MG and MVMi and MVMp for M059J. In contrast to SIN, MVM showed a much stronger effect on M059J. The cytotoxic effect of MVM has been ascribed to the viral NS-1 protein and may be particularly effective in cells lacking functional p53 (41) . The mutation of p53 in M059J cells (3) might provide a possible explanation for the MVM cell preference.
Tumor cell specificity of viral infection and cytolysis. The initial set of experiments included nine viruses and addressed their ability to infect and kill human glioblastoma cells. Of the original collection, five viruses had potential oncolytic profiles. An equally important parameter for the evaluation of viral candidates is defined by the oncospecificity. The tumor-restricted replication and lysis is critical for any potential viral treatment, particularly in such a sensitive area as the brain. The lack of viral affinity for neurons is important, but primary cultures of human adult neurons are not readily available. Therefore, finding an appropriate in vitro control for human nonmalignant brain tissue remains a challenge. VOL. 79, 2005 VIRUS TARGETING OF GLIOBLASTOMA 6019 SIN and the two MVM strains did not significantly infect human fibroblasts while selectively infecting and destroying cocultured U-87 MG glioblastoma cells. The underlying mechanisms defining SIN selectivity might lie at the level of its interactions at the cell surface (25) . On the other hand, MVM is known to exhibit an inherent oncotropism at the intracellular level, since the initiation of the virus life cycle depends on host cell factors provided by actively dividing cells in S phase and the transcriptional makeup of the tumor cell (13) .
VSV showed relative selectivity for glioblastoma cells. After initial infection, GFP expression and cytotoxic effects were primarily evident in tumor cells, whereas nontumor fibroblasts were spared. However, the accumulation of viral progeny released from infected U-87 MG cells might have contributed to the latent development of GFP and cell death among the control cells. The selective potential of VSV was enhanced when we compared the action of the passage-adapted VSVrp30 with the original VSV in a modified coculture assay. Here, VSV-rp30 rapidly killed U-87 MG cells within a day without infecting cocultured fibroblasts, which remained intact even through a 1-week observation period. Since mechanisms for VSV attachment and cell entry do not appear to be cell selective (47), the selectivity of VSV infection is most likely controlled intracellularly. The cellular interferon system restrains VSV replication and spread in normal cells; in contrast, the defective nature of interferon protection in numerous tumors might enhance the oncoselectivity of VSV (53) .
In contrast, PRV-infected and killed human fibroblasts with greater efficiency than glioblastoma cells, reducing its potential for focused oncolytic actions.
Relative efficiency of different viruses in glioblastoma cells. Of the nine viruses used, four were relatively ineffective. As expected, the replication-incompetent AAV used as a control infected many cells but, as the tumor cells divided, AAV was unable to infect successive generations of tumor cells; injections of AAV into a solid tumor in vivo showed infection only at the site of injection, suggesting that even carrying a toxic gene, this or other replication-deficient viruses could at best only kill tumor cells in the immediate vicinity of the injection. Similarly, mouse CMV infected a minority of tumor cells but, in the absence of replication in human cells, would not be effective. Although some reports have suggested that human CMV might show some affinity for astrocytes (32) , the virus was relatively ineffective at replicating on human glioblastoma. Both a recombinant SV40 lacking large T and wild-type SV40, which has also been reported to have some affinity for brain tumors (62) , showed only low levels of infection and little cytolytic action.
PRV at high concentrations did infect and kill both types of glioblastoma cells, but at low concentrations it was relatively ineffective at infecting the rapidly dividing tumor cells. Similarly, PRV showed only modest infection of solid tumors in vivo, with relatively little spread within the tumor. Serial passage adaptation might enhance the ability of PRV to infect glioblastoma but, since PRV can have lethal consequences after retrograde transport into the brain of rodents and other mammals, the health risk to humans that normally are not affected negatively by PRV might increase substantially. PRV exhibited a high affinity for normal human fibroblasts, underlining the lack of specificity for glioblastoma. PRV has been reported to be more effective at killing rodent-derived tumors than human-derived tumors from several organs (9) .
Both MVM strains showed considerable tumor-suppressive action at high virus concentrations. However, they showed only a mild effect at low virus concentrations and, although they replicated in glioblastoma cells, the rapid growth of the tumor cell population outpaced the virus replication. Autonomous parvoviruses share the desired feature of dependence on host cell factors provided during the S phase of cell division, preventing MVM replication in postmitotic neurons. An important additional consideration for a potential application of MVM against malignant brain tumors is its relative dependence on defects in the p53 pathway, a frequent mutation in malignancies of astrocytic lineage. A previous report found that MVMp replicated to a lower extent, and with less cell killing, in U-87 MG glioma cells than it does in U373 glioma cells (48) , a line that, such as M059J, appears to have a p53 mutation (1, 24) . Taken together, MVM has an interesting profile combining inherent oncotropism and moderate oncolytic efficiency with a high potential safety for postmitotic cells. Attempts to enhance the tumor-suppressive effect of MVM have been made by inserting immunostimulatory or cell suicide genes into MVM-based vectors (13, 16) with promising outcomes; however, these vectors were replication incompetent and so might have only local effectiveness.
The efficient oncolytic profile that SIN showed against U-87 MG cells in vitro and in vivo combined with its lack of infection of nonmalignant control cells renders SIN a promising candidate for future experiments toward refining its potential for treating brain tumors. However, the lack of a general antiglioma spectrum has to be taken into account and might limit the number of tumor cells being targeted. Systemically applied SIN can target non-CNS peripheral tumors and induce apoptosis therein (57) , but this has not been examined in detail in the brain. SIN exhibits a direct oncolytic effect by inducing apoptosis upon cell entry, and natural killer cells may enhance the tumor suppressive effect. Some strains of SIN can be neurovirulent (20, 31) , whereas the less pathogenic strain, AR339, used in our study appears to be less neurotoxic.
VSV demonstrated the strongest tumor-suppressive action of all of the viruses examined in the present study. The combination of rapid infection, cell lysis, and replication-based self-amplification and spread show promise for this virus in targeting and killing glioblastomas. A variant we produced by serial passage on glioblastoma cells, VSV-rp30, showed an enhanced preference for glioblastoma over control cells, an increased cytolytic activity on brain tumor cells, and also worked well to spread through solid glioblastoma in an in vivo model. The increased antiglioma profile was not limited to the cell line on which VSV-rp30 was originally passaged. The general higher affinity for numerous glioblastoma types with distinct mutation patterns and growth characteristics appears to be especially valuable considering the heterogeneous nature of these tumors. Work on other tumor cell types has shown that VSV has oncolytic potential. Tumor selectivity may be enhanced by mutations in the VSV-M protein that can block antiviral interferon responses in normal cells that are initiated by double-stranded RNA-dependent protein kinase (5, 53) . The mutant VSV-rp30 may hypothetically have a mutation in the M protein, which would reduce its capacity to kill normal cells. The oncoselectivity of VSV is not restricted to fast-dividing cells. It appears able to target both mitotic and quiescent glioblastoma cells; the latter often escape current chemotherapy or radiation therapy treatments. Other studies have shown that VSV can be effective and selective at killing several peripheral tumor cell types; here, we generated a new variant strain, VSV-rp30, that is effective at selectively infecting and killing glioblastoma cells. Tumor cell adaptation may have considerable potential for targeting a rather heterogeneous malignancy such as glioblastoma.
Given that current treatments of glioblastoma are relatively ineffective, the use of replication-competent viruses merits consideration. The greatest concern relates to the possibility of viral spread and damage to normal brain cells around a tumor. This is particularly important in the CNS, since neurons show little postnatal replication. Viral attack of neurons would be less of a problem for MVM since it would not replicate in postmitotic cells, but is a concern for SIN, VSV, and particularly PRV. Future work on potential mechanisms for controlling further viral spread to normal cells, including astrocytes and neurons, is needed. In this regard, the addition to the virus genome of suicide genes such as those coding for thymidine kinase or cytosine deaminase may limit the spread of infection into normal brain tissue by eliminating infected cells. Other possibilities for harnessing oncolytic viruses include the use of conditional promoters upon which viral replication is dependent, mutation of viral genes such as the M protein in VSV that suppress immune responses in normal cells, insertion of an inducible small interfering RNA in appropriate viral genomes to block viral replication, or enhancement of the immune system to target virus-infected cells.
